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unctional and Structural Vascular
emodeling in Elite Rowers Assessed
y Cardiovascular Magnetic Resonance
teffen E. Petersen, MD, DPHIL,*† Frank Wiesmann, MD,*† Lucy E. Hudsmith, MA, MRCP,*†
atthew D. Robson, PHD,*† Jane M. Francis, DCCR, DNM,*†
oseph B. Selvanayagam, DPHIL, FRACP,*† Stefan Neubauer, MD, FRCP,*†
eith M. Channon, MD, FRCP†
xford, United Kingdom
OBJECTIVES We aimed to noninvasively quantify the effects of chronic exercise training on both peripheral
and central conduit artery function and structure with high-resolution magnetic resonance
imaging (MRI).
BACKGROUND Physical activity has well-known beneficial effects on vascular function in subjects with
endothelial dysfunction. Exercise also leads to beneficial effects on endothelial function in
elderly athletes, possibly contributing toward the reduced risk from coronary artery disease in
this age group. However, conflicting data exist on the training effects in the younger
population.
METHODS A total of 49 young (age 20 to 35 years) nonsmoking subjects, comprising elite rowers and
age- and gender-matched sedentary control subjects, underwent MRI (1.5-T). The ascend-
ing, the proximal descending, and the distal descending aorta, and the common carotid artery
and the brachial artery were assessed for diastolic and systolic area and distensibility.
Endothelial-dependent and -independent brachial artery dilatation were also assessed by
cine MRI.
RESULTS Rowers showed vascular remodeling with enlarged brachial (by 51%, p  0.001) and reduced
central conduit artery cross-sectional areas (by up to 28% [e.g., distal descending aorta], p 
0.001). Vessel distensibilities (mm Hg1) were similar for elite rowers when compared with
sedentary control subjects at all levels of the aorta and the carotid and brachial artery (p 
0.05 for all). Endothelial-dependent dilation (percentage and mm2) was similar for rowers
and control subjects (p  0.05). However, rowers showed reduced absolute (by 33%)
endothelial-independent dilation (p  0.001).
CONCLUSIONS Young elite rowers demonstrate normal endothelial-dependent but reduced endothelial-
independent dilation. Chronic, whole body, combined endurance- and strength-training does
not lead to changes in arterial stiffness but to vascular remodeling. (J Am Coll Cardiol 2006;
ublished by Elsevier Inc. doi:10.1016/j.jacc.2006.04.07848:790–7) © 2006 by the American College of Cardiology Foundation
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hndothelial dysfunction is a cardinal feature of vascular
isease states, such as atherosclerosis (1), and is associated
ith an increased risk for cardiovascular events (2,3). Phys-
cal activity protects against the development of coronary
rtery disease (4), and a sedentary lifestyle is believed to
ontribute to approximately one-third of deaths caused by
oronary artery disease (5).
There is mounting evidence that exercise has beneficial
ffects on endothelial function in subjects with endothelial
ysfunction (i.e., with a priori impaired nitric oxide (NO)-
elated vasodilator function, such as in patients with arterial
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etersen and Wiesmann contributed equally to this work. Sadly, our colleague, friend,
nd co-author Frank Wiesmann died recently.o
Manuscript received February 26, 2006; revised manuscript received March 4,
006, accepted April 4, 2006.ypertension [6], hypercholesterolemia [7], obesity [8],
iabetes [9], congestive heart failure [10], and coronary
rtery disease [11]). Similar beneficial effects of exercise
raining have been described for the physiological age-
ependent decline of endothelial function (12,13), which
ight be due to reduced oxidative stress (14,15).
However, in healthy subjects, longitudinal and cross-
ectional studies have produced conflicting data with regard
o training effects on endothelial function (16–19). This
ight partly be explained by differences in exercise type
endurance vs. strength-training and combinations of both),
ecause the NHANES (National Health And Nutrition
xamination Study)-III has revealed differences in systemic
arkers of inflammation related to exercise type (20).
hronic exercise training seems to induce changes in caliber
f skeletal muscle conduit arteries and resistance vessels via
hear stress-mediated NO release both in animals (21) and
umans (22). Exercise training increases endothelial nitric
xide synthase (eNOS) messenger ribonucleic acid and
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August 15, 2006:790–7 Vascular Function and Structure in Rowersrotein expression (23,24). However, improvement in
ndothelium-dependent vasodilator responses is a transient
henomenon (16–19,25) that is lost with long-term train-
ng (26). Chronic NO overproduction due to exercise
raining might be an explanation for this phenomenon,
ecause prolonged treatment with glyceryl trinitrate (GTN),
direct NO donor, induces tolerance within 24 h to 48 h
nd the development of endothelial dysfunction (27,28).
ndeed, constitutive overexpression of eNOS in the endo-
helium in transgenic mice results in resistance to the NO
nd cyclic guanosine monophosphate (cGMP)-mediated
asodilators via reduced soluble guanylate cyclase activity
nd decreased cGMP-dependent protein kinase protein
evels (29). However, the effects of exercise-induced eNOS
ctivation in the human vasculature remain unclear.
Accordingly, we sought to determine whether exercise
raining in healthy young adults is associated with vascular
emodeling and functional evidence of altered vascular NO
ignaling. We used high-resolution noninvasive magnetic
esonance imaging (MRI) to provide detailed characteriza-
ion of vascular function and structure, including
ndothelial-dependent and -independent brachial artery
ilation, aortic pulse wave velocities, and quantification of
entral and peripheral arterial distensibilities (30).
ETHODS
tudy population. A total of 49 young (20 to 35 years of
ge) nonsmoking participants comprising 15 male elite
owers (mean age 24  3 years, endurance- and strength-
raining 23  7 h/week for 9  5 years), 13 female elite
owers (mean age 24  4 years, endurance- and strength-
raining 21  4 h/week for 9  6 years), and sedentary
ealthy control subjects (15 male, mean age 28  2 years,
nd 6 female, mean age 28 2 years) were enrolled into the
tudy. A typical training program for the rowers comprised
owing at different expenditure levels in addition to 1 or 2
eight-lifting sessions. None of the subjects had received
ny vasoactive medication, and none had hypertension,
iabetes, dyslipidemia, obesity (body mass index 25 kg/
2), coronary artery disease, or a family history of premature
oronary artery or cerebrovascular disease. Subjects with
ontraindications for MRI were not enrolled. Table 1
ighlights the expected differences in physiological charac-
eristics between male and female and sedentary and rowing
ealthy subjects. The study was carried out according to the
Abbreviations and Acronyms
AA  ascending aorta
cGMP cyclic guanosine monophosphate
DDA  distal descending aorta
eNOS  endothelial nitric oxide synthase
GTN  glyceryl trinitrate
NO  nitric oxide
PDA  proximal descending aortarinciples of the Declaration of Helsinki and was approved by our institutional committee on human research. Each
ubject gave informed written consent.
RI protocol. Magnetic resonance imaging was per-
ormed on a 1.5-T clinical magnetic resonance scanner
Siemens Sonata, Erlangen, Germany) as described in
etail previously (30). To exclude confounding effects on
ndothelial function, MRI was performed after a mini-
um of 20 min sitting rest and at a constant room
emperature of 20°C. To summarize, the ascending aorta
AA), the proximal descending aorta (PDA), and the
istal descending aorta (DDA) and the right common
arotid artery (CCA) were assessed for diastolic and
ystolic area, absolute and relative area change, aortic and
arotid artery distensibility, and the stiffness index, with
teady-state free precession cine sequences with an in-
lane resolution and slice thickness of 1.97 mm and 7
m for the aorta and 0.52 mm and 3 mm for the carotid
rtery (Fig. 1). Blood pressure was measured from the left
rm with a brachial arm sphygmomanometer during
istensibility measurements of the aorta and carotid
rteries and during brachial artery imaging.
A high-resolution gradient-echo pulse sequence with a
elocity-encoding gradient for phase contrast MRI with a
emporal resolution of 11 mm was applied to assess peak
elocities (AA, PDA, and DDA); forward, reverse, and net
ortic flow (AA); and to determine proximal (comprising
he AA and the aortic arch) and distal pulse wave velocities
n the descending aorta.
Flow-mediated or endothelial-dependent dilation was
ssessed in the right brachial artery comparing cross-
ectional baseline diastolic brachial artery areas with
hose acquired 1 min after reactive hyperemia induced by
elease of a forearm cuff inflated to suprasystolic pressure
or 4.5 min. Endothelial-independent brachial artery
ilation was determined as the brachial artery area change
ompared with baseline 3 min after sublingual applica-
ion of 400 g GTN. For these measurements, a cardiac-
ated steady-state free precession cine sequence was
pplied.
mage analysis. As previously described in detail (30),
ortic artery, carotid artery, and brachial artery cross-
ectional areas were determined by tracing the inner vessel
able 1. Baseline Characteristics of Elite Rowers and Sedentary
ealthy Control Subjects
Sedentary
(n  21)
Rowers
(n  28) p Value
eight (kg) 71  11 77  12 0.06
eight (cm) 176  9 183  10 0.02*
ody surface area (m2) 1.85  0.18 1.98  0.20 0.03*
ystolic blood pressure (mm Hg) 112  9 116  10 0.1
iastolic blood pressure (mm Hg) 72  7 64  7 0.001*
ean blood pressure (mm Hg) 85  7 81  6 0.05
ulse pressure (mm Hg) 40  7 53  12 0.001*
eart rate (beats/min) 63  9 57  9 0.02*
p  0.05. Data are given as mean  SD (independent t test).oundaries in diastole and systole with CMR tools image
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Vascular Function and Structure in Rowers August 15, 2006:790–7ost-processing software (developed by Imperial College,
niversity of London, United Kingdom). These areas were
sed to calculate absolute and relative area change within
he cardiac cycle and to determine distensibility (relative
hange in cross-sectional area for a given pressure change)
nd stiffness index (ratio of logarithm systolic/diastolic
ressures to relative change in cross-sectional area) at each
essel site (30–32). Flow measurements were performed
ith Argus Software (Siemens). Pulse wave velocities (m/s)
ere calculated by dividing the distance between measure-
ent levels by time difference between the arrivals of the
ulse waves at these levels. Arrival time of the pulse wave at
ach level was defined as the time point when the mean
elocity reached one-half its maximum value (30,33).
tatistical analysis. All data are presented as mean
alues  SD unless stated otherwise. An independent-
amples t test was used to test for differences between
aseline characteristics of athletes and sedentary control
ubjects. All quantitative measures of vascular structure and
unction were compared between the groups with 2-way
nalysis of covariance, adjusting for gender as a fixed effect
nd body surface area as a covariate. The Spearman corre-
ation coefficient was calculated to investigate the relation
igure 1. Magnetic resonance imaging of vascular distensibility and diast
B, dashed ellipse) cine steady-state free precession images in the ascendin
escending aorta (DDA) (C), right common carotid artery (CCA) (D), an
ulmonary trunk; SCM  sternocleidomastoid muscle; SVC  superior vetween brachial artery area and endothelial-dependent and (independent dilatation. Throughout the analyses, a 2-sided
value of 0.05 was considered statistically significant. All
omputations were performed with SPSS 11.5 (SPSS Inc.,
hicago, Illinois).
ESULTS
tudy population. Sedentary control subjects and elite row-
rs (age range 20 to 35 years) differed in some baseline
haracteristics (Table 1), such as height and body surface area,
s expected. The blood pressure amplitude (pulse pressure) was
ignificantly increased in rowers compared with control sub-
ects (p  0.001), mainly owing to lower diastolic blood
ressures (p 0.001). A lower resting heart rate was observed
n rowers compared with sedentary control subjects (p 0.02),
emonstrating the expected effect of exercise training.
ascular remodeling after chronic whole body exercise
raining. Diastolic aortic artery areas were similar in the
scending aorta (p  0.4) but smaller in athletes compared
ith sedentary control subjects in the proximal (p  0.001)
nd distal descending aorta (p 0.001). Similarly, a smaller
ight common carotid artery diastolic area was observed
ssel areas. Vessel wall tracings in diastolic (A, solid ellipse) and systolic
ta (AA) and proximal descending aorta (PDA). Diastolic images of distal
ht brachial artery (BA) (E) in a rower. IJV  internal jugular vein; PT 
ava.olic ve
g aorp  0.031). In contrast to these findings in the central
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August 15, 2006:790–7 Vascular Function and Structure in Rowersonduit arteries, rowers had 51% increased diastolic periph-
ral conduit artery areas (brachial artery) compared with
ontrol subjects (p  0.001) (Fig. 2).
ortic blood flow and pulse wave velocity. Flow and
ulse wave velocity data are presented in Table 2. Aortic
orward flow per cardiac cycle was increased by 24% in
owers compared with sedentary control subjects (68  21
l vs. 55  17 ml; p  0.03), whereas the aortic flow
utput/min remained similar (p  0.15), possibly owing to
he lower heart rate in athletes. Peak blood velocities were
imilar in rowers at all three levels of the aorta: rowers versus
ontrol subjects in the ascending aorta 1.4  0.4 m/s versus
.2  0.2 m/s (p  0.57), in the proximal descending aorta
.4  0.3 m/s versus 1.2  0.2 m/s (p  0.16), and in the
istal descending aorta 1.2  0.2 m/s versus 1.1  0.2 m/s
p  0.13). Similarly, the proximal and distal pulse wave
igure 2. Comparison of diastolic vessel areas between young sedentary
ontrol subjects and young elite rowers quantified by magnetic reso-
ance imaging at (A) different sites of the aorta and (B) in the right
ommon carotid artery (CCA) and in the right brachial artery (BA).
wo-way analysis of covariance, adjusting for gender as a fixed effect
nd body surface area as a covariate. Solid bars  sedentary control
ubjects; open bars  rowers. *p  0.01; **p  0.001. Other
bbreviations as in Figure 1.
Table 2. Blood Flow, Blood Velocity, and Pul
Control Subjects
Aortic forward flow (ml)
Aortic reversed flow (ml)
Aortic net flow (ml)
Aortic flow output (l/min)
Peak blood velocity ascending aorta (m/s)
Peak blood velocity proximal descending aorta (m/s)
Peak blood velocity distal descending aorta (m/s)
Proximal pulse wave velocity (m/s)
Distal pulse wave velocity (m/s)*p  0.05. Values are mean  SD. Two-way analysis of covariance
as a covariate.elocity were not different in rowers and control subjects
p  0.82 and p  0.57, respectively).
ortic, carotid, and brachial artery distensibility. There
ere no differences in vessel distensibility in the ascending,
roximal descending, and distal descending aorta, and the
ight carotid artery and the brachial artery between rowers
nd sedentary control subjects (Fig. 3). Similarly, no differ-
nces were observed at all vascular sites for stiffness index,
nother vascular stiffness parameter less dependent on the
ifference observed in pulse pressure between rowers and
edentary control subjects (data not shown).
ndothelial-dependent and -independent brachial artery
ilation. To assess endothelial-dependent and -independent
asodilation, we quantified the brachial artery cross-sectional
rea in response to hyperemia-induced shear stress (flow-
ediated dilatation) or the direct NO donor, GTN, respec-
ively. Both relative endothelial-dependent and -independent
ilatation were inversely correlated with vessel size (r0.52,
 0.001 and r0.82, p 0.001, respectively). In contrast,
oth absolute endothelial-dependent and -independent dilata-
ion were not significantly correlated with vessel size (p 0.29
nd p  0.19, respectively). Similarly, vessel-size–adjusted
easures of endothelial-dependent and -independent dila-
ation (brachial artery diameter multiplied by the baseline
adius [34]) did not show any significant correlations (p 
.05 for both correlations) and revealed similar findings (not
hown) to both relative and absolute endothelial-dependent
nd -independent dilatation presented in this article. Both
bsolute and relative endothelial-dependent dilatation re-
ponses in rowers were not significantly increased compared
ith control subjects (control subjects vs. rowers 1.8  0.9
m vs. 2.0  1.4 mm, p  0.35; 15.2  8.4% vs. 11.4 
.7%, p 0.11, respectively). In contrast, both absolute and
elative endothelial-independent brachial artery dilation
ere significantly reduced in rowers (control subjects vs.
owers 6.3  1.6 mm vs. 4.2  1.5 mm, p  0.001; 52.4 
8.4% vs. 25.3  14.2%, p  0.001, respectively) (Fig. 4).
he ratio of endothelial-dependent to the endothelial-
ndependent brachial artery dilation was higher in rowers
ompared with sedentary control subjects (46.4  25.3% vs.
8.1  15.0%; p  0.015).
ave Velocity of Elite Rowers and Sedentary
Sedentary
(n  21)
Rowers
(n  28) p Value
55  17 68  21 0.03*
3.3  2.4 4.6  4.0 0.78
52  17 63  23 0.07
3.4  0.9 3.8  1.3 0.15
1.2  0.2 1.4  0.4 0.57
1.2  0.2 1.4  0.3 0.16
1.1  0.2 1.2  0.2 0.13
4.6  0.8 4.9  1.3 0.82
4.8  1.0 3.9  0.9 0.57se W, adjusting for gender as a fixed effect and body surface area
DW
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Vascular Function and Structure in Rowers August 15, 2006:790–7ISCUSSION
ith high-resolution MRI, we investigated effects of
hronic high-intensity, whole body, combined strength and
ndurance exercise training in young adults on peripheral
nd central conduit artery function and structure. We find
hat young adult elite rowers show no change in
ndothelial-dependent, flow-mediated, brachial artery dila-
ion in comparison with control subjects. In contrast,
ndothelial-independent brachial artery dilation is greatly
ecreased in athletes compared with sedentary control
ubjects, with a corresponding increase in endothelial-
ependent, flow-mediated, brachial artery dilation when
xpressed as a proportion of endothelial-independent bra-
hial artery dilation. These observations might suggest that
hronic exercise in healthy humans increases endothelial
O production but that this increase is accompanied by
mooth muscle cell desensitization to NO. Another expla-
igure 3. Comparison of vascular distensibility between young sedentary
ontrol subjects and young elite rowers quantified by magnetic resonance
maging at (A) different sites of the aorta, (B) in the right common carotid
rtery (CCA), and (C) in the right brachial artery (BA). Two-way analysis
f covariance, adjusting for gender as a fixed effect and body surface area as
covariate. Solid bars  sedentary control subjects; open bars  rowers.
ther abbreviations as in Figure 1.ation for our findings could be a longer diffusion distance
S
*or exogenous NO across a potentially thicker smooth
uscle cell layer in rowers.
We observed vascular remodeling to chronic exercise both
n the peripheral and central conduit arteries, with the
xception of the ascending aorta. Interestingly, in rowers,
he more muscular, peripheral conduit arteries (brachial
rteries) were enlarged, whereas the more elastic, proximal
nd distal descending aorta and the common carotid artery
howed the novel finding of being smaller. Chronic exercise
raining seems to induce increases in arterial caliber in
umans both in skeletal muscle conduit and resistance
essels (22). Animal work suggests that this might be an
daptive structural change to shear stress-mediated NO
elease (21). The finding of reduced vessel areas in rowers in
he central conduit arteries conflicts with findings by Miya-
hi et al. (22). This longitudinal study observed unchanged
lood flows in the aorta accompanied by an enlargement in
ortic cross-sectional areas after an 8-week cycling training
n men. The disparity in findings might be explained by
ifferent types of sport and duration of exercise. The
pposing effects on vascular remodeling in the brachial
rtery and the central conduit arteries might be partly
elated to the differences in structural composition, with an
nlarged, predominantly muscular brachial artery and
igure 4. Relative cross-sectional area changes induced by (A) hyperemia
flow-mediated dilation [FMD] representing endothelium-dependent re-
axation) and by (B) glyceryl trinitrate (GTN) (endothelium-independent
elaxation). (C) Ratio of FMD- to GTN-induced dilation. Similar results
ere obtained for the absolute cross-sectional area changes (data in text), a
arameter independent of vessel size. Two-way analysis of covariance,
djusting for gender as a fixed effect and body surface area as a covariate.
olid bars  sedentary control subjects; open bars  rowers. *p  0.01;
*p  0.001.
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August 15, 2006:790–7 Vascular Function and Structure in Rowersmaller, predominantly elastic aorta and carotid artery.
owever, the mechanisms leading to reduced aortic areas in
oung elite rowers and the long-term implications of this
nverse vascular remodeling remain unknown.
Vessel size has an important inverse relationship to both
ow-mediated and GTN-induced brachial artery dilatation,
s indicated by our own data and as demonstrated previously
34). The observed difference in brachial artery area between
he sedentary control subjects and rowers highlights this as
potential pitfall in data interpretation. In contrast to the
elative flow-mediated and GTN-induced brachial artery
ilatation, the absolute area changes in our data sets are
ndependent of baseline brachial artery area. According to
n elegant study by Silber et al. (34), the flow-mediated
ilatation (diameter change in millimeters) has an inverse
elationship to the radius of the vessel. We have attempted
o adjust for the dependence of vessel size in our dataset by
alculating the relative flow-mediated dilatation in millime-
ers of vessel diameter change multiplied by the vessel
adius. These results are not presented in this manuscript
ut have confirmed the data shown for relative and absolute
ndothelial-dependent and -independent brachial artery
ilatation.
A large body of evidence suggests that endothelial dys-
unction can be improved by physical activity (7–11,35),
hereas the training effects on endothelial function in
ubjects with normal baseline endothelial function are in-
onsistent (12,16–19). Possible explanations for disparities
mong these studies include differences in types of sport
endurance- versus strength-training, lower versus upper
ersus whole body exercise) and in training intensity and
uration. Furthermore, 2 studies even revealed adverse
raining effects on vascular function in volunteers with
igh-intensity exercise (36,37). Our findings now add sig-
ificant new insights into the effects of exercise on the
ealthy human vasculature by demonstrating that exercise
ncreases shear-stress induced NO release. The reduced
ndothelial-independent dilatation observed in rowers
ight be explained by 1 of 2 mechanisms. Chronic increases
n NO production might lead to desensitization of smooth
uscle relaxation (biochemical problem). Alternatively, the
mooth muscle cell layer in rowers could potentially be
hicker compared with sedentary control subjects, which
ould lead to a reduced response to exogenous NO owing to
longer diffusion distance (biomechanical problem). Ac-
ordingly, net flow-mediated dilatation responses in trained
ubjects appear no different than those of control subjects.
ur findings suggest, for the first time, that the phenome-
on of “tolerance” to NO might occur in healthy humans as
physiological mechanism. Several studies have reported a
ime-dependent increase of eNOS messenger ribonucleic
cid and protein expression in experimental models and
umans, but no study has shown that increased NO-
ediated endothelial function is sustained in healthy sub-
ects undertaking chronic exercise. Indeed, chronic overex-
ression of eNOS can lead to reduced NO-mediated vascular relaxation via resistance to cGMP-mediated vaso-
ilators (29). Munzel et al. (27,28) and Schulz et al. (38)
ave demonstrated in elegant experimental work and in
atients with coronary artery disease that tolerance and
ross-tolerance to chronic GTN treatment might be caused
y GTN-induced, oxygen-derived radical production,
hich might in turn inactivate the NO released from GTN
nd from the endothelium. Thus, NO overproduction in
hronic exercise training might lead to similar desensitiza-
ion via changes in NO signaling mediated through cGMP
nd/or oxygen radical production (37).
Large artery stiffness, measured as arterial distensibility,
etermines pulse pressure. We found increased pulse pres-
ure in young rowers but normal peripheral and central
onduit artery distensibility and arterial stiffness indices.
his suggests that the difference in pulse pressure observed
ight be due to other factors in our study, such as difference
n height (39). Aerobic or endurance exercise seems to be
ssociated with reduced arterial stiffness in young healthy
olunteers (40,41). In contrast, there is evidence that
esistance- or strength-training might lead to reduced arte-
ial distensibility (42). On the basis of these findings,
nchanged conduit artery distensibility in our athletes might
eflect the combined but opposing effects of endurance- and
trength-training. Although central pressures have been
imilar in competitive endurance athletes and recreationally
ctive subjects (43), one cannot necessarily rule out a source
f error by calculating all vessel distensibilities with the
ulse pressure based on noninvasive brachial artery blood
ressure measurements.
We demonstrated increased resting aortic forward flow in
he ascending aorta by almost 25% in rowers compared with
edentary control subjects. The well-known cardiac adapta-
ions in athletes with increased stroke volumes (44) and
educed heart rates might contribute to these altered flow
atterns in the aorta. Miyachi et al. (22) similarly reported
ncreased blood flow in the ascending aorta, and in keeping
ith our study, the mean and peak velocities in the
scending aorta remained unchanged in this study investi-
ating effects of an 8-week endurance cycling program.
Pulse wave velocity is an important parameter for arterial
tiffness (32) and is now measured reliably and noninvasively
y MRI in the aortic arch and the descending aorta,
reviously not accessible to ultrasound. We found no
raining effect on pulse wave velocities in the proximal aorta,
omprising the ascending aorta and the aortic arch, and in
he descending aorta. Pulse wave velocity is known to
ncrease with age, and Gates et al. (45) showed reduced
rterial stiffness (i.e., reduced pulse wave velocity) of endur-
nce training in middle-aged and older subjects but not in
he young. The discrepancy between their findings and ours
ight be explained by the fact that they measured the pulse
ave velocities between the ascending aorta and the femoral
rtery and not separately for proximal and distal aorta.
iyachi et al. (46) measured the peripheral arm pulse waveelocity and found no difference between strength-trained
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Vascular Function and Structure in Rowers August 15, 2006:790–7thletes and sedentary control subjects. A recent study
uggests an adverse effect of strength-training in women on
entral pulse wave velocity (between carotid and femoral
rtery) but not on peripheral, femoral-ankle pulse wave
elocity (47).
tudy limitations. This study was designed to be nonin-
asive to avoid recruitment problems of young elite rowers
oncerned about anti-doping regulations. Consequently, we
re unable to provide further proof of concept of our
ndings, such as vessel size-adjusted, dose-response curves
f GTN-induced brachial artery dilatation or determination
f isoprostanes or nitrates in the blood/urine.
In conclusion, our findings in chronic high-intensity,
hole body, strength- and endurance-trained young adult
lite athletes indicate normal endothelial and vascular pe-
ipheral and central conduit artery function, consistent with
he notion that beneficial training effects on vascular func-
ion are only temporary. Chronic whole body exercise leads
o vascular remodeling with increased areas of the peripheral
uscular conduit arteries but reduced areas in central, more
lastic, conduit arteries. The increased brachial artery di-
ension might reflect an adaptive structural change to
itigate exercise-related initial overproduction of endothe-
ial NO. The implications of the novel finding of reduced
entral conduit artery areas in rowers remain to be defined.
oninvasive MRI bears the potential to study peripheral
nd central conduit artery function and structure in detail,
nd future studies might allow further insight into effects of
hysical activity, possibly as an adjunct to medical treat-
ent, on endothelial dysfunction.
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